Introduction
Chemical coagulation of process water is extensively used in automotive paint booths to separate oversprayed paint from water (Collins et al. 1991; Haas TCM 2007; Milanco Industrial Chemicals 2007) . The chemical coagulation of paint process water involves the application of large quantities of chemicals, such as coagulants, detackifi er, biocide, deformer, and caustic soda (Collins et al. 1991; Kia et al. 1993 Kia et al. , 1996 Kia et al. , 1997 . As a result, suspended particles either settle in the sludge zone of the treatment tank by gravitational settling, or fl oat on the surface of the water body by air bubbles (Metcalf and Eddy 1991; Droste 1997; Rubio et al. 2002) . The separated sludge is mechanically collected and removed for further treatment and disposal.
The automotive industry generates a lot of waste paint sludge. For example, about 34,000,000 kilograms of waste paint sludge is generated by the U.S. automotive industry each year (Sanghvi and Massingill 2002) . This waste makes a signifi cant contribution to landfi lls and presents an environmental danger through the discharge of toxic materials to the environment. The use of recovered paint overspray from the automotive industry has been investigated. For example, approximately 80% of latex and alkyd waste paint could be recovered by mechanical sorting and segregation of paint and converting it into safe, quality recycled paint products (Sanghvi et al. 2002) . The results indicate that the recycled paint gave reasonable properties for many expected industrial applications. Therefore, efforts to reduce chemical usage and the amount of paint sludge generated may be benefi cial in terms of paint sludge recovery and environmental protection.
Air fl otation combined with chemical coagulation techniques are commonly employed in the solid/water separation process when the specifi c gravity of suspended particles is lower or close to that of water (Arora et al. 1995; Edzwald 1995; Fukushi et al. 1995; Vlaski et al. 1997; Voronin and Dibrov 1998; Haarhoff and Edzwald 2001; Han et al. 2001; Al-Shamrani et al. 2002; Rubio et al. 2002; Ljunggren and Jonsson 2003) . However, these processes have several disadvantages on process water treatment in automotive assembly paint booths: (1) chemical preparation, device operation and maintenance, as well as chemical transportation and storage are costly and time consuming; (2) the type of chemical and its dosage need to be closely monitored and routinely tested to ensure system performance, which further increases operation costs and affects treatment effi ciency; (3) chemicals added in the process water of paint booths are nonrecoverable and increase the mass and volume of paint sludge generated in the process, and as a result, lead to increased cost of sludge dewatering and disposal as well as diffi culties in sludge recycling and reuse; (4) many of the chemicals used in the process are water-soluble organic solvents and will remain in the process water, and, as a result, have impacts when the process water is discharged, particularly when there is a strict limit to the amount of organic matter discharged (Kia et al. 1996) .
Electrokinetic fl otation (EKF) is a solid/water separation process that fl oats suspended particulate pollutants to the surface of a water body by electrochemical effects, such as the generation of tiny bubbles of hydrogen (H 2 ) and oxygen (O 2 ) gases from water electrolysis Yuu 1980, 1985; Hosny 1992; Chen 2004) , and other effects associated with electrokinetics, including changes of the particle surface charge due to DC (direct current) and anode consumption. The EKF process enhances fl otation effi ciency and reduces or eliminates chemical dosage (Koren and Syversen 1995; Chen 2004; Ibrahim et al. 2001; Kolesnikov et al. 2001; Murugananthan et al. 2004) . The EKF process is especially suitable to smallscale water and wastewater treatment, such as in the separation of lightweight and extra-fi ne sized solids from water during industrial process water treatment (Hosny 1992 (Hosny , 1996 . The EKF technique has reached a state that is not only comparable with other techniques in terms of cost, but is also more effi cient and more compact (Burns et al. 1997) .
In this study, the EKF technique for the treatment of process water from paint booths was studied in order to improve treatment effi ciency, including the control of suspended solids (SS) concentration, colour, and chemical oxygen demand (COD) accumulation, and the reduction of paint sludge, including sludge volume and extra chemical components that were created from chemical coagulation. This paper presents a laboratory-scale EKF performance evaluation on solid/water separation of process water in paint booths. One water-borne paint and two solvent-borne paints were used to prepare paint water samples. The type of paints, initial concentration of SS, and applied direct current were studied in real time. In addition, chemical coagulation and EKF were compared in order to demonstrate the effectiveness of the EKF process.
Materials and Methods

Synthetic Paint Water
The synthetic paint water sample (i.e., a water-borne base coat water, a solvent-borne primer, a solvent-borne clear coat water, and a mixed paint water) were prepared using three types of paints and chemicals, which were supplied by an automotive assembly plant. The types of paints were a water-borne base coat, a solvent-borne primer, and a solvent-borne clear coat. The chemicals included a detackifi er and sodium hydroxide solution (NaOH, 30 to 60%). The control parameters for the preparation included the paint type, SS concentration, chemical type and dosage, pH, electric conductivity, and particle size. A gravity fed air spray gun with regulator (GRIP-13140 HVLP Air Spray Gun) was used to spray paint into water. In addition, the mixed paint water was prepared using the above three types of paint waters in a volumetric ratio of 1:1:1. The operation procedure for the preparation is described in Table 1 .
The characteristics of the synthetic paint waters are summarized in Table 2 . The water-borne paint water (base coat water) had a pH of around 7.0, while the solvent-borne paint waters (primer water and clear coat water) had pH values of 8.2 to 8.6. Paint solids suspended in water had the specifi c gravity (Gs) of 1.47 to1.52 and the negative zeta potential (ξ) of -16.0 to -24.0 mV. The detackifi er to paint ratio (D/P ratio) and dosage of NaOH solution for the synthetic paint water preparation were based on the instructions used at the automotive assembly plant. The particle size distributions of the synthetic base coat water sample and the process water sample from the paint booths of the automotive assembly plant were measured for comparison. As shown in Fig. 1 , both curves show two peaks of particle size in the range of 1 to 2 μm, and in the range of 15 to 20 μm, respectively. The mean particle size was 15 μm for the synthetic paint water sample (Fig. 1a) , and 20 μm for the automotive process water sample (Fig. 1b) . On the other hand, the percentage of particles fi ner than 20 μm was 84% for the synthetic paint water sample and 53% for the automotive process water sample. Comparing Fig.  1a and 1b, the particle sizes of the synthetic paint water sample were smaller than those in the process water from the automotive assembly plant. Therefore, from the point of view of paint/water separation, there was much more diffi culty with the synthetic paint water than with the automotive process water.
Electrokinetic Flotation Cell
The EKF cell, shown in Fig. 2a , was made of a plexiglass tube with a 5-mm wall thickness. The cell was 320 mm in effective height and 152 mm in inner diameter with 1.81 × 10 4 mm 2 in the sectional area. The effective volume of . The electrodemodule was seated on the bottom of the fl otation cell, which consisted of both anode and cathode plates arranged parallel to each other. In order to avoid electric short-circuit, a plastic mesh spacer with a height of 13 mm was inserted between the anode and cathode plates. The connection of electrodes to the DC power supplied was through 24 AWG cables. The current was applied via a DC power supply (Hewlett Packard 6545A, 0-120 V, 0-1.5 A) and monitored by two multimeters for current and voltage.
Experiment
A series of lab-scale batch experiments were carried out using the four types of synthetic paint waters to evaluate the EKF process. SS, COD, colour, and pH were compared with fl otation time. The relationship of contamination removal to applied current was closely investigated.
Fig. 2. Batch cell and electrodes for the EKF experiments.
Finally, the experiment demonstrated the effi ciency of SS removal from different paint types, as well as compared SS removal between the conventional chemical treatment and the EKF treatment.
The synthetic paint water sample was transferred into the EKF cell using a siphon to avoid adding air bubbles to the water body; the EKF experiment started when the cell was fi lled to 320 mm (Fig. 2) . Water samples were taken from the sampling port. The fl oated sludge was collected from the top of the cell after the experiment. Total solids (TS), SS, COD, and colour of the synthetic water samples were monitored. The applied current and voltage were on-line monitored by two multimeters. As soon as possible, the pH of the synthetic paint water sample was measured. TS, SS, COD, turbidity, and colour of the water samples, and solids concentration of the fl oated sludge samples were measured after each test. TS, SS, and COD measurement followed method 2540B, 2540D and 5220D in the Standard Methods for the Examination of Water and Wastewater (APHA et al. 1999 The water quality of the synthetic water-borne base coat water samples and the applied current densities for the EKF experiments are summarized in Table 3 . Three initial TS concentrations were prepared for the base coat water samples: 790 to 879 mg/L for run W-B1, 1,590 to 1,680 mg/L for run W-B2, and 2,950 to 3,340 mg/L for run W-B3. The applied current density was arranged from 0 to 65.8 A/m 2 with an increment of 11.0 A/m 2 under each TS concentration. The water quality of the synthetic clear coat water samples, solvent-borne primer water samples, and mixed paint water samples, as well as the applied current densities for the EKF experiments are summarized in Table 4 . Runs S-C1 and S-C2 represent the experimental conditions of the clear coat water, in which the TS concentrations were 1,992.0 and 4,669.3 mg/L, respectively. Runs S-P1 and S-P2 represent the experimental conditions of the primer water, in which the TS concentrations were 1,432.0 and 2,374.0 mg/L, respectively. Run M-M1 represents the experimental conditions of the mixed paint water, in which the TS concentration was 2,789.0 mg/L. The applied current density for the solvent-borne paint water and mixed paint water was arranged from 11.0 to 54.9 A/m 2 with an increment of 11.0 A/m 2 under each TS concentration.
The DC current was controlled as a constant for each EKF batch experiment and was delivered to the water body by the electrode-module. The current was calculated by:
(1) (2) where, η was the percentage of SS removal (%), c 1 was the initial SS concentration (mg/L), and c 2 was the SS concentration at a specifi c fl otation time (mg/L).
The suspended paint solids in the process water from paint booths had typically small sizes, from 0.1 to 100 μm (see Fig. 1 ), and carried negative charges with zeta potentials lower than -16.0 mV. Therefore, chemical coagulation was often employed for solid/water separation. The chemical dosage required to achieve separation was related to many parameters, and either inadequate or excessive chemical dosage could result in poor SS removal. The optimal dosage for a specifi c coagulant was normally determined by jar tests. These tests had to be repeated when treatment conditions, such as the paint type and total solid loading, changed during the paint spray operation. In this study, a polymer coagulant (Betz Dearbom, Polymer D2611) currently used in an automotive assembly plant was compared with the EKF treatment. Jar tests were performed to obtain the optimal coagulant dosage. The procedure of jar tests was based on the description in the book titled Wastewater Engineering: Treatment, Disposal, and Reuse (Metcalf and Eddy 1991) , and was confi rmed with the chemical lab of the paint department in an automotive assembly plant.
A linear relationship between SS and turbidity was observed in this study. For other wastewater applications Fig. 3 . Results of run W-B1 in water-borne base coat water (initial value: TS = 790 to 870 mg/L, SS = 296 to 320 mg/L). (Metcalf and Eddy 1991; Xu et al. 2001 ), the linear relationship was also reported. Based on the above discussion, turbidity monitoring could be considered to indicate SS concentration.
Results and Discussion
Type and Initial Water Quality of Paint Water Figure 3 shows the changes in SS, colour, COD, and pH versus fl otation time for the water-borne base coat water sample (run W-B1). The trend was consistent for all three initial SS concentrations (see Table 3 ). The reduction of SS and colour was clearly shown in Fig. 3a and 3b , compared with the control test. The control test (i = 0 A/ m 2 ) showed that concentrations of SS and colour were almost constant for 8 hours, indicating that the paint suspension was very stable. Quick decreases of both SS and colour concentrations were observed within the fi rst 10 minutes by the EKF treatment, and higher current density caused faster effects. COD removal by the EKF is shown in Fig. 3c , and again, higher current density caused faster COD removal. The water pH decreased during the EKF tests, and again, a higher current density caused a faster and larger pH drop (Fig. 3d) .
The paint particles were fl oated to the water surface as they were entrapped by oxygen (O 2 ) and hydrogen (H 2 ) gas bubbles generated from water electrolysis (Chen 2004 ). The total volume of H 2 and O 2 is a linear function of the applied DC current based on Faraday's law; a higher current generates larger H 2 and O 2 volume. In addition, the separation effi ciency of a fl otation process depends strongly on bubble sizes. The effective EKF obtained is primarily attributed to the generation of uniform and tiny bubbles (Chen 2004) . Chen et al. (2002) reported that the sizes of the gas bubbles generated by water electrolysis were log-normally distributed, with over 90% of the bubbles in the size range of 15 to 45 μm. Dissolved air fl otation produced typical gas bubble sizes ranging from 50 to 70 μm (Stevenson 1997) , and electrostatic spraying of air produced gas bubbles ranging from 10 to 180 μm with a mean diameter of 33 to 41 μm (Tsouris et al. 1994 ). Therefore, a higher current generates more tiny bubbles, leading to better SS and colour removal. COD removal may be induced by electrooxidation of dissolved and colloidal organic components, and by fl otation of microparticles and colloid components. Chen (2004) summarized the effects of organic compound removal in an electrokinetic process in an indirect electrooxidation process and direct anode oxidation. The indirect electrooxidation process uses the chlorine and hypochlorite generated anodically to destroy pollutants (Panizza and Cerisola 2006) . Direct anodic oxidation occurs directly on the anodes by generating physically absorbed active oxygen to combust organic compounds into CO 2 or other oxidation products.
Water electrolysis generates equal amounts of hydroxide ion (OH -) on the cathode and hydrogen ion (H + ) on the anode, as shown in following chemical equations: (3) (4) In other words, water electrolysis does not cause a change of pH in the water body. The pH decrease, as shown in Fig. 3d , may have been caused by the decomposition of organic compounds to low molecular-weight organic acids, as discussed above.
Typical results of the EKF tests on the solvent-borne paint water samples and mixed paint water samples are shown in Fig. 4 and 5, and include the water SS, pH, colour, and COD, as measured during runs S-P1 and M-M1. The experimental results demonstrate that the EKF process removed contaminants of SS and colour quickly from solvent-borne (see Fig. 4a and 4 b) and mixed paint water (see Fig. 5a and 5b). As shown in Fig.  4c and 5c, pH slightly increased and then dropped slowly. Higher current density caused a larger pH drop. The fi nal COD concentrations after the 40 minutes EKF treatment (see Fig. 4d and 5d ) indicate that COD removal increased linearly with increasing current density.
Based on the above experimental results, it can be concluded that the EKF process has signifi cant paint/water separation effects on both water-borne and solvent-borne paints. Signifi cant decolouration and COD removal were obtained simultaneously by the EKF process. 
Current Density
The percentage of SS removal, (η, see equation 2), time to reach a SS criterion, and concentration of fl oated sludge under various current densities were studied in this section. A SS concentration ≤100 mg/L was set as the SS criterion for water quality.
For the discussion of SS removal versus current density, experimental results from Fig. 3a, 4a , and 5a are represented in Fig. 6 . The experimental results of all three types of paint water indicate that the SS removal rate increased with increasing current density, especially at the beginning period. At the current density of 43.9 A/ m 2 , the percentage of SS removal at 30 minutes for waterborne, solvent-borne, and mixed paint water were 52.7, 96.3, and 86.3%, respectively. The EKF process was more effective on the solvent-borne and mixed paint water samples than on water-borne paint water samples. The reason can be explained by the fact that the molecules of solvent-borne paint particles were hydrophobic, so they were immiscible with water but adsorbent with gas bubbles. On the other hand, the molecules of waterborne paint particles were hydrophilic, so they contacted the water at almost no contact angle, and as a result, it was diffi cult to adsorb to gas bubbles. Figure 7 demonstrates the effects of applied current on fl otation time, presented as the time to reach the SS criterion (SS ≤ 100 mg/L) versus the applied current density. The fl otation time depended on the applied current density of the EKF process and the initial SS concentration of the paint water. Figures 7a and 7b show that the water-borne paint water samples needed more fl otation time and/or current than solvent-borne and mixed paint water samples. 8b). This may be due to the fact that the pore water was squeezed out of the fl oated sludge layer in the fl otation cell by vertical forces of the gas bubbles' buoyancy and the sludge's self-weight. The higher applied current density generated more gas bubbles which caused higher buoyancy, and the greater thickness of the sludge layer caused a higher self-weight. As a result, much more pore water could be squeezed out from the fl oated sludge.
Comparison of Electrokinetic Flotation and Chemical Coagulation
The jar test results on solvent-borne paint sludge water are shown in Fig. 9a in comparison with those from the EKF treatment (run S-C2), as shown in Fig. 9b . The jar test showed that the coagulant reduced the turbidity in the paint water and that there was an optimum coagulant dosage of 3 mg/L, at which the turbidity of the paint water was lower than 10 FTU. The turbidity increased with increasing dosage, indicating the chemical treatment should be closely monitored in order to keep optimum dosage with the various initial SS concentrations. Chemical coagulants may generate several effects (e.g., the double layer compression, adsorption charge neutralization, sweep fl oc formation, and adsorptioninter-particle bridging [Droste 1997]) . The required dosage for a chemical treatment is related to the amount of suspended solids and type of particles to be removed, as well as the degree of anionic surface charge which must be neutralized. The optimum coagulant dosage will neutralize the surface charge on the particles, allowing coagulation to take place. However, an excess of coagulant will replace the anionic surface charge with a cationic charge and can redisperse the solids, resulting in poor turbidity removal. Coagulant demand will vary from water source to water source, so it is not feasible to provide generalized guidelines on coagulant dosage versus infl uent SS concentration. In addition, it was observed that in all jar tests, the paint sludge settled instead of fl oated after the coagulant dosage. Therefore, additional measures must be taken to generate sludge fl otation in the paint water treatment process, such as supplying air bubbles into the water body. On the other hand, the EKF treatment could reduce the turbidity to the same level in fi ve minutes as the chemical treatment at optimum coagulant dosage. The turbidity removal effect was slightly improved by extended fl otation time.
Chemical coagulation has limitations such as high costs for chemicals, handling, and sludge disposal of chemicals. It also frequently encounters operation problems (Metcalf and Eddy 1991) . The paint sludge generated from chemical coagulation can be diffi cult to dewater because almost all coagulants, such as alum salt, iron salt and polymer combine with water molecules and increase the volume of the sludge. On the other hand, the fl oated sludge from the EKF process does not include a polymer coagulant, and the moisture generally stays in the sludge pores by free-water molecules instead of polymer-combined water molecules in chemical coagulation. As a result, sludge from the EKF process can be more readily dewatered by squeezing, heating, etc. Another added advantage of the EKF process is that because chemical usage is reduced, the paint sludge will have a lower volume and be more readily dewatered. Based on the above discussion, it can be concluded that the EKF process can achieve similar turbidity removal results compared with the chemical coagulation process when the EKF operational time is in the range of 5 to 40 minutes.
The operational robustness of the EKF process for achieving a SS criterion is discussed using Fig. 7 and 9. Figure 7 shows that the SS criterion of ≤100 mg/L was achieved by adjusting either fl otation time or current density. Both operations were easily implemented. The robustness can also be seen in Fig. 9b , where turbidity declined to 10 FTU at 5 minutes, and over fl otation did not cause turbidity to increase as it did in the chemical coagulation process (see Fig. 9a ).
Conclusions
The conclusions from this work are:
The EKF process generated quick fl otation of suspended
• paint particles without adding any coagulant. The concentrations of SS in the paint water samples were signifi cantly reduced with colour and COD removal obtained simultaneously. The EKF process removed contaminants of SS and
• colour quicker from solvent-borne paint water than from water-borne paint water. Paint type, initial SS, and current are the most
• important parameters for the EKF process. While for a given paint water, applied current and fl otation time are major parameters for controlling water quality and energy consumption. Other parameters governing the effectiveness of solid/water separation, treatment time, and power consumption include water pH, electrodemodule design, electrode material, particle size, and particle zeta potential.
The EKF process has shown great potential for replacing
• coagulants and other chemicals in the treatment of process water from paint spray booths.
